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HIGHLIGHTS 


•  Enhanced  ionic  conductivity  in  a  P  and  F  two-phase  Y-doped  La2Zr207. 

•  The  conductive  P/F  phase  boundary  contributes  to  the  conductivity  enhancement. 

•  The  effect  of  P/F  phase  boundary  is  confirmed  by  FE  modelling. 
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A  series  of  yttrium-doped  lanthanum  zirconate  (Lai_xYx)2Zr207  (0  <  x  <  1)  bulk  samples  were  prepared 
and  their  ionic  conductivities  were  studied  by  impedance  spectroscopy.  It  is  found  that  intermixing  of  Y 
and  La  ions  increases  the  conductivity  of  the  end  members  pyrochlore-type  La2Zr207  and  fluorite-type 
Y2Zr207.  Highest  conductivity  which  is  2-3  orders  of  magnitude  higher  than  that  of  La2Zr207  and 
Y2Zr207  is  achieved  in  a  two-phase  sample  which  consists  of  both  pyrochlore  and  fluorite  phases.  The 
enhanced  conductivity  in  the  two-phase  sample  is  attributed  to  the  presence  of  the  pyrochlore-fluorite 
phase  boundary,  which  has  higher  conductivity  than  the  pyrochlore  and  the  fluorite  phase  grains.  The 
effect  of  the  conductive  phase  boundary  has  been  confirmed  by  a  2-dimensional  finite  element 
modelling. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Oxides  with  the  formulaA^B^Oy  could  present  pyrochlore 
structure  or  defect  fluorite  structure,  depending  on  the  ionic  radius 
ratio  r(A3+)/r(B4+)  [T.  They  have  gained  considerable  attention  as 
electrolyte  materials  for  solid  oxide  fuel  cells  (SOFCs)  due  to  their 
good  ionic  conductivity.  Many  efforts  have  been  devoted  to  un¬ 
derstand  the  crystal  structure-conductivity  relationship  in 
pyrochlore-type  and  fluorite-type  oxides,  so  as  to  increase  their 
conductivity  to  meet  the  requirement  as  electrolyte  materials  for 
intermediate  temperature  SOFCs  [2,3  . 

To  achieve  high  conductivity,  the  oxides  must  have  low  activa¬ 
tion  energy  for  migration  and  high  concentrations  of  mobile 
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vacancies,  both  of  which  are  closely  related  to  their  crystal  struc¬ 
ture,  where  the  ionic  radius  ratio,  r(A3+)/r(B4+),  plays  an  important 
role.  Pyrochlore-type  structure  is  favoured  when  r(A3+)/r(B4+)  lies 
within  the  range  of  1.46-1.78  [1].  The  8-coordinated  A3+  ions  are 
located  at  the  16c  site,  the  6-coordinated  B4+  at  the  16d  site,  and  the 
O2-  ions  at  the  8a  and  48f  sites  [4].  The  8b  site  is  vacant  in  the 
completely  ordered  pyrochlore-type  structure,  so  that  the  pyro¬ 
chlore  oxides  can  be  intrinsic  anion  conductors  without  any  dopant 
[5].  There  exists  preferential  conduction  paths  through  the  cation 
tetrahedron  plane  around  the  48f  oxygen  sites  [6,7  ,  therefore  the 
ordered  pyrochlore-type  oxides  usually  have  low  activation  energy. 
However,  they  have  low  concentration  of  mobile  vacancy,  which 
limits  the  ionic  conductivity.  Within  the  pyrochlore-type  range, 
when  the  r(A3+)/r(B4+)  decreases,  oxygen  vacancies  are  generated 
at  the  48f  site  due  to  the  partial  occupation  of  O2-  ions  at  the  vacant 
8b  site  [8  .  Since  the  ionic  conduction  in  the  pyrochlore-type  oxides 
is  predominated  by  an  oxygen  vacancy-hopping  mechanism  be¬ 
tween  48f  sites  [9],  a  decrease  in  the  r(A3+)/r(B4+)  leads  to  an  in¬ 
crease  in  the  concentration  of  the  mobile  charge  carriers,  however, 
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an  increase  in  the  activation  energy  as  well  due  to  cation  dis¬ 
ordering.  The  ionic  conductivity  is  therefore  controlled  by  the  two 
competing  factors.  Further  decrease  of  r(A3+)/r(B4+)  to  below  1.46 
results  in  the  formation  of  fluorite-type  structure,  in  which  the 
cations  are  totally  disordered.  The  fluorite-type  oxides  have  higher 
activation  energy  compared  with  the  pyrochlore-type,  but  it  de¬ 
creases  with  an  increase  in  r(A3+)/r(B4+)  due  to  an  increase  in  the 
lattice  volume  [5  ,  whereas  the  vacancy  concentration  remains 
constant  at  its  maximum.  As  a  consequence,  the  ionic  conductivity 
for  the  fluorite-type  increases  with  increasing  r(A3+)/r(B4+). 
Yamamura  et  al.  [5]  have  concluded  that  the  highest  ionic  con¬ 
ductivity  could  be  achieved  when  r(A3+)/r(B4+)  lies  at  the  vicinity  of 
the  phase  boundary  between  pyrochlore-  and  fluorite-type,  i.e.,  in 
Eu2Zr207,  r(A3+)/r(B4+)  =  1.486. 

Up  to  date,  many  studies  have  reported  the  improvement  of 
ionic  conductivity  in  the  pyrochlore-  and  fluorite-type  oxides  from 
tuning  the  composition  by  doping  elements  into  A  site  [10-14],  B 
site  [15]  and  both  4,16,17].  More  interestingly,  Ou  et  al.  [18]  re¬ 
ported  an  enhanced  ionic  conductivity  in  La2Zr207  nano  fibers 
consisting  of  a  mixed  pyrochlore  and  fluorite  phases.  The 
enhancement  is  suggested  to  be  a  result  of  an  interface  lattice 
mismatch  between  the  two  phases,  although  the  high  surface  area 
and  the  nano-size  grains  may  also  contribute  to  the  high  conduc¬ 
tivity.  Yamamura  et  al.  [19]  also  observed  an  increased  electrical 
conductivity  in  LaYi_xIn03  (0.05  <  x  <  0.10)  which  is  composed  of  a 
mixed  phase  of  B-type  rare  earth  structure  and  perovskite-type 
structure.  The  authors  speculated  that  the  lattice  distortion  or 
disorder  energy  plays  a  role  as  driving  force  for  the  oxide-ion 
conduction,  however,  the  mechanism  is  yet  well  understood. 
Nevertheless,  the  above  findings  provide  a  new  strategy  to  achieve 
high  conductivity  of  oxide  ion  conductors. 

In  this  paper,  the  conductivity  of  a  series  of  yttrium-doped 
lanthanum  zirconate  (Lai_xYx)2Zr207  (0  <  x  <  1)  was  studied. 
The  samples  change  from  pure  pyrochlore  phase,  a  mixture  of 
pyrochlore  and  fluorite  phases,  to  pure  fluorite  phase  with  the 
composition  factor  from  0  to  1,  so  that  the  effect  of  doping  on  each 
individual  phase  and  most  importantly,  the  effect  of  the  pyrochlore/ 
fluorite  phase  boundary  of  the  two-phase  samples  could  be 
investigated.  The  effect  of  phase  boundary  was  discussed  and 
confirmed  by  a  2-dimensional  finite  element  modelling.  Our  results 
show  that  improvement  of  ionic  conductivity  by  generating 
conductive  phase  boundaries  could  be  effective  even  in  bulk  ma¬ 
terials  with  normal  grain  sizes,  which  provides  a  new  method  of 
developing  candidate  materials  for  solid  electrolyte  with  high 
conductivity. 

2.  Experiments 

The  powders  of  the  samples  were  prepared  by  a  co¬ 
precipitation/calcination  method.  Starting  materials  of  La(N- 
03)3-6H20  (Sigma  Aldrich,  UK),  Zr0(N03)2-6H20  (Sigma  Aldrich, 
UK)  and  Y(N03)3  -6H20  (Sigma  Aldrich)  were  weighed  according  to 
the  target  composition  of  (YxLai_x)2Zr207  (0  <  x  <  1).  The  mixtures 
of  the  above  salts  were  dissolved  in  distilled  water  and  magneti¬ 
cally  stirred  for  24  h,  and  then  added  into  aqueous  ammonia  so¬ 
lution.  The  precipitate  was  filtered,  washed  with  distilled  water  and 
ethanol,  dried  in  air  for  24  h  and  then  calcined  at  1200  °C  for  12  h. 
The  resulting  product  was  further  milled  by  attrition  milling  in 
distilled  water  for  12  h  and  then  freeze-dried  to  obtain  the  final 
powders  with  the  designed  compositions.  Finally,  the  final  powder 
products  were  pressed  into  tablets  by  a  uniaxial  cold  pressing  un¬ 
der  100  MPa  and  then  sintered  at  1600  °C  for  2  h  in  air. 

The  phase  compositions  of  the  sintered  pellets  were  identified 
by  X-ray  diffraction  (XRD,  Philips  X'Pert)  with  CuKa  radiation.  The 
measurements  were  performed  on  the  polished  sample  surfaces 


with  a  step  scanning  mode  (step  size  of  0.05°).  The  lattice  param¬ 
eters  were  calculated  from  a  slow  scan  of  the  (622)p/(311)f  peak  of 
the  sintered  pellets  using  the  least-squares  method.  The  micro¬ 
structure  of  the  sintered  pellets  was  observed  by  scanning  electron 
microscope  (SEM,  Philips  XL30). 

Electrical  properties  of  the  samples  were  obtained  from  ac 
impedance  spectroscopy  measurement  using  a  Solatron  SI  1255  HF 
frequency  response  analyser  coupled  with  a  Solatron  1296  Dielec¬ 
tric  Interface  (Solartron,  UK).  Silver  paint  was  coated  on  the  pol¬ 
ished  surfaces  of  the  samples  and  fired  at  690  °C  for  0.5  h  in  air  to 
serve  as  electrodes.  During  impedance  measurements,  an  alterna¬ 
tive  current  (ac)  voltage  of  0.1  V  was  applied  to  the  sample  over  a 
frequency  range  from  0.1  to  107  Hz.  The  measurements  were  car¬ 
ried  out  during  heating  from  400  to  600  °C.  The  oxygen  partial 
pressure  P(02)  dependence  of  conductivity  was  also  measured.  The 
samples  were  placed  inside  a  closed  tube  furnace.  P(02)  was  ach¬ 
ieved  by  mixing  oxygen-free  nitrogen  (BOC,  UK)  and  air  (BOC,  UK), 
and  varied  from  1CT3  to  0.22  atm.  After  measurements,  all  the 
spectra  were  fitted  by  an  equivalent  circuit  using  Zview  Impedance 
Analysis  software  (Scribner  Associates,  Inc.,  Southern  Pines,  NC). 

Finite  element  modelling  was  carried  out  using  COMSOL  3.3 
software  coupled  with  Matlab.  Fundamentals  of  the  application  of 
the  finite  element  method  in  impedance  spectra  simulation  can  be 
found  in  Ref.  [20  .  Descriptions  of  the  boundary  conditions  and 
calculation  procedures  can  be  found  in  Refs.  [20,21  .  Geometric 
models  and  physical  parameters  used  for  the  modelling  will  be 
described  in  part  4.2. 

3.  Results 


Fig.  1(a)  shows  the  XRD  patterns  of  the  sintered  (Lai_xYx)2Zr207 
(0  <  x  <  1 )  pellets.  La2Zr207  (x  =  0)  has  a  single  pyrochlore  phase,  as 
indicated  by  the  superstructure  peaks  of  (331)  and  (511)  due  to 
cation  ordering.  The  single  pyrochlore  phase  can  be  maintained  in 
the  solid  solutions  with  an  increase  in  x  up  to  0.4.  Further  increase 
in  x  from  0.4  to  0.7  leads  to  a  two-phase  region,  where  both 
pyrochlore  and  fluorite  phases  are  present.  Single  fluorite  phase  is 
observed  in  the  samples  when  0.8  <  x  <  1. 

Fig.  1(b)  shows  the  plot  of  lattice  parameter  against  composition 
of  the  (Lai_xYx)2Zr207  (0  <  x  <  1)  pellets.  For  single  pyrochlore 
phase  and  fluorite  phase  (0  <  x  <  0.4  and  0.8  <  x  <  1 ),  the  lattice 
parameter  decreases  linearly  with  an  increase  in  x,  which  is  in 
agreement  with  the  Vegard's  law  for  cubic  systems,  as  indicated  by 
the  dash  line  in  the  figure.  The  linear  decrease  of  the  lattice 
parameter  is  related  to  the  substitution  of  La3+  ions  (r  =  1.16  A  [22  ) 
by  smaller  Y3+  ions  (r  =  1.019  A  [22  ).  In  the  two-phase  region 
(0.5  <  x  <  0.7),  the  lattice  parameter  for  each  phase  remains  con¬ 
stant,  as  indicated  by  the  horizontal  lines.  The  compositions  of  the 
two-phase  samples  could  be  estimated  to  be  (Lao.6Yo.4)2Zr207  for 
the  pyrochlore  phase  and  (Lao.2Yo.s)2Zr207  for  the  fluorite  phase 
according  to  their  lattice  parameters.  The  lattice  parameters  and 
the  compositions  for  the  two-phase  samples  are  in  general  agree¬ 
ment  with  the  results  reported  in  Ref.  8]. 

The  mass  fraction  of  the  pyrochlore  and  the  fluorite  phase  in  the 
two-phase  region  was  estimated  by  the  Klug  equation  23]: 


jmhc  /jpure 


(/j™//Pure)  •  (AP  -  Af)  ’ 


(1) 


where /p  is  the  mass  fraction  of  the  pyrochlore  phase i/JF1*  and  /£ure 
represent  the  intensity  of  the  (222)  peak  of  the  pyrochlore  phase  in 
the  mixture  and  in  the  pure  phase,  respectively;  Ap  and  Ap  are  the 
mass  absorption  coefficient  of  each  phase,  which  are  calculated 
based  on  the  compositions  of  (Lao.6Yo.4)2Zr207  for  pyrochlore  phase 
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Fig.  1.  (a)  XRD  patterns  and  (b)  lattice  parameters  of  the  sintered  (Lai_xYx)2Zr207 
(0  <  x  <  1)  pellets.  The  square  and  circle  symbols  represent  the  lattice  parameters  of 
the  pyrochlore  phase  and  the  fluorite  phase,  respectively.  For  the  fluorite  phase,  the 
lattice  parameters  are  doubled  to  keep  consistency  with  the  pyrochlore  phase.  The 
dash  line  indicates  the  lattice  parameters  predicted  by  the  Vegard's  law. 


and  (Lao.2Yo.8)2Zr207  for  fluorite  phase  using  the  mass  absorption 
coefficient  values  for  Y,  La,  Zr  and  O  elements  at  8.04  KeV  according 
to  A  —  where  xz-  is  the  mass  fraction  of  each  element  in  the 

compound.  The  mass  fraction  of  each  phase  in  the  two-phase 
samples  is  listed  in  Table  1.  As  the  densities  of  the  two  phases  are 
close,  i.e.,  5.83  g  cm'3  for  the  pyrochlore  phase  and  5.64  g  cm-3  for 
the  fluorite  phase,  the  volume  fraction  is  almost  identical  to  the 
mass  fraction. 

The  SEM  images  of  the  sintered  pellets  (Fig.  2)  show  that  the 
samples  are  almost  fully-dense,  thus  the  porosity  effect  is  negligible 
in  this  study.  The  end  members,  La2Zr207  (x  =  0)  and  Y2Zr207 
(x  =  1 )  have  large  grains  with  an  average  size  of  ~5  pm.  Samples 
with  composition  factors  of  0.3  <  x  <  0.7  have  relatively  smaller 
grains.  The  grain  size  varies  from  0.5  to  2  pm  in  each  sample. 

Fig.  3  shows  the  impedance  spectra  of  the  samples  measured  at 
500  °C.  When  0  <  x  <  0.2,  only  one  semicircle  is  shown  on  the 
Nyquist  plot  (Fig.  3(a)  and  (b));  When  0.3  <  x  <  1,  two  semicircles 
are  displayed  on  the  Nyquist  plot  (Fig.  3(c)  to  (f)).  For  the  single 


Table  1 

Mass  fraction  of  each  phase  in  the  two-phase  samples. 


Composition  factor  x 

Pyrochlore  phase 

Fluorite  phase 

0.5 

82% 

18% 

0.6 

41% 

59% 

0.7 

27% 

73% 

phase  samples,  the  two  semicircles  represent  the  responses  from 
the  bulk  (grains)  and  the  grain  boundaries,  respectively.  For  the 
two-phase  samples  (x  =  0.5  and  0.7),  the  electric  current  could  be 
impeded  by  the  grains  and  grain  boundaries  of  both  phases,  as  well 
as  the  pyrochlore/fluorite  phase  boundaries.  The  high  frequency 
(HF)  or  the  low  frequency  (LF)  semicircle  may  include  contribution 
from  the  pyrochlore/fluorite  phase  boundary,  depending  on  its 
conductivity.  The  details  will  be  further  discussed  in  part  4.2.  The 
impedance  spectra  were  fitted  by  equivalent  circuits  of  one 
parallel-aligned  resistance-constant  phase  element  (R-CPE)  for 
0  <  x  <  0.2  and  two  R-CPE  in  series  connection  for  0.3  <  x  <  1.  The 
fitting  parameters  for  all  the  samples  measured  at  500  °C  are  listed 
in  Table  2. 

The  conductivity  of  the  high  frequency  response  and  the  total 
conductivity  were  calculated  from  the  resistances  by. 

1  4t  m 

=  (2) 

and. 


1  At 

t0ta^  Rj-JF  +  Rlf 


(3) 


where  t  and  D  represent  the  thickness  and  the  diameter  of  each 
pellet. 

The  composition  dependence  of  the  conductivity  of  the  high 
frequency  response  is  shown  in  Fig.  4(a).  For  the  single  pyrochlore 
phase  (0  <  x  <  0.4),  the  conductivity  of  the  high  frequency  response 
represents  the  bulk  (grain)  conductivity.  It  increases  with  an  in¬ 
crease  inx,  indicating  the  substitution  of  La3+  by  Y3+  is  beneficial  to 
achieve  high  conductivity.  For  the  single  fluorite  phase 
(0.8  <  x  <  1 ),  the  conductivity  of  the  high  frequency  response  de¬ 
creases  with  increasing  x,  suggesting  the  substitution  ofY3+  by  La3+ 
is  also  beneficial  to  the  improvement  of  conductivity.  The  highest 
conductivity  is  obtained  in  the  sample  with  a  composition  factor 
x  =  0.5,  which  consists  of  82%  pyrochlore  and  18%  fluorite  phases. 
The  total  conductivity  calculated  from  Eq.  (3)  shows  similar  trend 
that  it  goes  up  till  x  =  0.5  and  then  decreases  with  further  increase 
in  the  composition  factor,  as  shown  in  Fig.  4(b). 

The  temperature  dependence  of  the  conductivity  is  described 
by: 


(T  = 


(4) 


where  Ea  is  the  activation  energy,  Go  is  the  pre-exponential  factor,  T 
is  the  absolute  temperature  and  kB  is  the  Boltzman  constant. 
Fig.  5(a)  shows  the  variation  of  Go  and  Ea  of  the  high  frequency 
response  as  a  function  of  the  composition  factor  x.  The  pre¬ 
exponential  factor,  Go,  shows  a  monotonically  increase  with  an 
increase  in  the  composition  factor,  whereas  the  Ea  -x  relationship 
exhibits  more  features.  For  0  <  x  <  0.2,  Ea  remains  around  0.85  eV.  A 
drop  of  Ea  to  0.7  eV  is  noticed  when  x  =  0.3,  and  then  Ea  increases 
smoothly  with  an  increase  in  x  to  1  eV  till  x  =  0.7.  Further,  Ea  jumps 
to  1.2  eV  at  the  start  of  the  single  fluorite  phase  region  x  =  0.8,  and 
then  increases  progressively  in  the  single  fluorite  phase  region.  It  is 
worth  mentioning  that  x  =  0.3  is  the  composition  that  two  semi¬ 
circles  start  to  be  observed  on  the  Nyquist  plot.  The  drop  of  Ea  at 
x  =  0.3  leads  to  the  speculation  that  the  higher  Ea  for  0  <  x  <  0.2  is 
possibly  due  to  the  fact  that  the  only  semicircle  on  the  Nyquist  plot 
might  include  grain  boundary  contribution.  Within  this  composi¬ 
tion  range,  grain  and  grain  boundaries  have  similar  time  constant, 
so  their  responses  could  not  be  well  resolved  from  the  impedance 
spectra.  This  speculation  is  not  unreasonable  as  the  Ea  for  total 
conductivity,  as  shown  in  Fig.  5(b),  exhibits  a  steadily  increase  from 
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Fig.  2.  SEM  images  of  the  (Lai_xYx)2Zr207  (0  <  x  <  1)  pellets,  (a)  x  =  0;  (b)  x  =  0.3;  (c)  x  =  0.7  and  (d)  x  =  1. 


x  =  0.2  to  0.3.  However,  to  confirm  this  hypothesis  needs  further 
investigation,  which  is  beyond  the  scope  of  the  present  paper.  It  is 
also  noticed  that  that  Ea  increases  less  rapidly  in  the  two-phase 
region  than  in  the  single  fluorite  phase  region,  which  might 
related  to  the  pyrochlore/fluorite  phase  boundary. 

Fig.  6(a)  and  (b)  show  the  effect  of  oxygen  partial  pressure  P(0 2) 
on  the  conductivity  of  the  high  frequency  response  and  the  total 
conductivity  for  a  two-phase  sample,  x  =  0.7,  measured  at  400,  500 
and  600  °C.  The  conductivity  is  independent  on  the  oxygen  partial 
pressure,  indicating  that  ionic  conduction  is  dominated  within  the 
temperature  and  the  P(02)  range.  Samples  with  other  composition 
factors,  no  matter  single-phase  or  two-phase,  also  have  P(02)-in- 
dependent  conductivities,  as  shown  in  Fig.  6(c)  and  (d).  Therefore, 
in  this  study,  the  conduction  mechanism  for  all  the  samples  is 
dominated  by  ionic  conduction,  hole  or  electronic  conduction  could 
be  ruled  out  within  the  studied  temperature  and  P(02)  range. 

4.  Discussion 

4.1.  Doping  effect  in  the  single-phase  samples 

In  the  single  pyrochlore  phase  region,  0  <  x  <  0.4,  the  bulk 
conductivity  increases  with  an  increase  in  x,  which  can  be  mainly 
due  to  a  significant  increase  in  the  pre-exponential  factor  do,  as 
shown  in  Fig.  5(a).  The  substitution  of  La3+  by  smaller  Y3+  results  in 
a  partial  occupation  of  the  8b  site  by  O2-  ions,  so  that  oxygen  va¬ 
cancies  are  generated  at  the  48f  site.  Whittle  et  al.  [8]  reported  an 
increase  in  the  8b  site  occupancy  with  an  increase  in  the  yttrium 
dopant  content  in  the  pyrochlore  phase  La2Zr207,  hence  a  larger 
number  of  mobile  vacancy  at  the  48f  site.  An  increase  in  the  charge 


carrier  concentration  is  the  dominant  factor  for  the  enhancement  of 
conductivity  for  the  pyrochlore  phase  region. 

In  the  single  fluorite  phase  region,  0.8  <  x  <  1,  the  introduction 
of  La3+  ions  into  Y2Zr207  also  has  a  positive  effect  on  the  conduc¬ 
tivity.  Substitution  of  Y3+  by  larger  La3+  ions  increases  the  lattice 
parameter,  and  thus  increases  the  radius  of  the  free  channel  for 
charge  carriers  to  migrate  [24]  and  lowers  the  activation  energy. 
Therefore,  in  the  fluorite  phase  region,  the  enhanced  conductivity  is 
mainly  benefited  from  a  drop  in  the  activation  energy. 

To  sum  up,  for  the  single  pyrochlore  phase,  the  conductivity 
increases  with  a  decrease  in  r(A3+)/r(B4+);  for  the  single  fluorite 
phase,  the  conductivity  increases  with  an  increase  in  r(A3+)/r(B4+). 
The  present  results  are  in  consistence  with  the  findings  in  Ref.  5]. 

4.2.  Phase  boundaries  in  the  two-phase  samples 

In  a  two-phase  sample,  the  electric  current  can  be  impeded  by 
the  grains  and  grain  boundaries  from  both  phases,  as  well  as  the 
pyrochlore/fluorite  phase  boundaries.  Grain  boundaries  are  known 
to  be  more  resistive  than  grains,  i.e.,  the  grain  boundary  conduc¬ 
tivity  is  usually  two  or  three  orders  of  magnitude  lower  than  the 
bulk  conductivity  either  due  to  impurity  segregation  or  space 
charge  effect  [25].  The  conductivity  of  the  pyrochlore/fluorite  phase 
boundaries  is  yet  unknown.  Theoretically,  it  could  be  obtained  from 
the  impedance  spectroscopy  if  the  response  from  the  phase 
boundaries  can  be  distinguished  from  other  responses,  i.e.,  from  the 
grains  and  the  grain  boundaries  of  each  phase,  however,  as  shown 
in  Fig.  3(d)  and  (e),  the  existence  of  the  phase  boundaries  does  not 
add  additional  features  to  the  impedance  spectroscopy.  This  in¬ 
dicates  that  the  relaxation  frequency  of  the  phase  boundary  is  close 
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Fig.  3.  Impedance  spectra  (Nyquist  plots)  of  selected  samples  measured  at  500  °C.  (a)  x  =  0,  (b)  x  =  0.2,  (c)  x  =  0.3,  (d)  x  =  0.5,  (e)  x  =  0.7  and  (f)  x  =  1.  The  red  hollow  circles 
represent  the  measured  data,  while  the  black  solid  lines  represent  the  equivalent  circuit  fitting  results.  The  inset  figure  in  (a)  is  the  equivalent  circuit  used  to  fit  data  of  (a)  and  (b), 
and  the  inset  in  (c)  is  the  equivalent  circuit  used  to  fit  data  of  (c)  to  (f).  All  the  impedance  data  have  been  normalised  to  an  electrode  area  of  1  cm2  and  a  thickness  of  1  mm  for 
comparison.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


to  any  of  the  other  responses,  and  therefore  causes  overlap  of  the 
semicircles  on  the  Nyquist  plot. 

As  stated  in  Part  3,  for  the  two-phase  samples,  the  composition 
of  each  phase  is  (Lao.6Yo.4)2Zr207  (pyrochlore)  and  (Lao^Yo.shZ^Oy 
(fluorite),  in  which  the  pyrochlore  phase  has  higher  conductivity 
than  the  fluorite  phase  according  to  Fig.  4(a).  For  a  composite 
material,  the  conductivity  usually  lies  in  between  the  conductivity 
of  each  component.  However,  it  is  noticed  that  the  sample  with 
composition  factor  x  =  0.5,  which  consists  of  82%  pyrochlore  phase 


Table  2 

Equivalent  circuit  fitting  parameters  for  the  samples  measured  at  500  °C.  The  data 
are  normalised  to  an  electrode  area  of  1  cm2  and  a  thickness  of  1  mm  for 
comparison. 

Composition  High  frequency  (HF)  arc  Low  frequency  (LF)  arc 


f?i  (Q)  Qi  Hi  R.2  (O)  Q2  n2 


0 

5.12 

X 

106 
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X 

10 
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0.95 

— 
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X 

10 

-11 

0.95 
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10 
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-11 

1 

5.83 

X 

103 

8.49 

X 

10 

8 
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X 

10 
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10 

-7 
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X 
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X 
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10 
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X 
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X 

10 

-1 
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and  18%  fluorite  phase,  has  a  higher  conductivity  than  its  conduc¬ 
tive  pyrochlore  phase  component.  This  could  be  related  to  the  ex¬ 
istence  of  the  pyrochlore/fluorite  phase  boundary.  However,  the 
response  from  the  phase  boundaries  cannot  be  extracted  from  the 
impedance  spectra. 

In  order  to  obtain  the  conductivity  of  the  phase  boundaries, 
finite  element  modelling  was  employed  to  simulate  the  impedance 
spectrum  of  the  two-phase  samples.  As  shown  in  Fig.  7(a),  the 
microstructure  of  the  two-phase  sample  was  simplified  into  a 
10  x  10  array  of  equal-size  squares  according  to  the  brick-layer 
model  [26]  for  crystalline  materials.  Each  square  with  a  side 
length  of  1  pm  was  numbered  from  1  to  100.  The  positions  of  the 
second  phase  (fluorite)  grains  were  determined  using  the  random 
number  generator  in  Matlab.  The  grains  of  each  phase  were  sepa¬ 
rated  by  thin  layers  of  grain  boundaries  and  phase  boundaries.  To 
simulate  the  sample  with  small  grains,  as  well  as  to  reduce  the 
difficulty  in  meshing  too  small  components  and  too  thin  layers,  the 
grain  boundary  and  the  phase  boundary  were  treated  as  thin  layers 
with  thickness  1/10  of  the  grain  size. 

Fig.  7(b)  presents  the  calculated  impedance  spectra  of  the  model 
in  Fig.  7(a).  Two  semicircles  are  present  on  the  calculated  Nyquist 
plot.  When  the  phase  boundary  conductivity,  aPB,  varies  from 
0.1  S  m-1  to  0.01  S  m-1,  the  high  frequency  semicircle  becomes 
larger,  which  suggests  that  the  phase  boundary  contributes  to  the 
high  frequency  response  besides  the  grains  of  each  phase,  which 
confirms  the  fact  that  the  enhanced  conductivity  of  the  high  fre¬ 
quency  response  is  attributed  to  the  phase  boundary.  The 
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Fig.  4.  Composition  dependence  of  the  (a)  conductivity  of  the  high  frequency  (HF) 
response  and  (b)  total  conductivity  at  various  temperatures  from  400  to  600  °C. 


impedance  spectra  can  be  fitted  by  an  equivalent  circuit  of  two  R- 
CPE  elements  in  series  connection  to  obtain  the  conductivity  of  the 
high  frequency  response. 

Using  the  method  described  above,  a  series  of  models  with  the 
second  phase  fraction  varying  from  0  to  100%  were  established.  The 
conductivity  of  the  high  frequency  response  as  a  function  of  the 
second  phase  fraction,  along  with  the  influence  of  the  phase 
boundary  conductivity,  was  obtained,  as  shown  in  Fig.  8.  The 
calculation  results  show  that  the  conductivity  of  the  phase 
boundary  has  to  be  at  least  one  order  of  magnitude  higher  than  the 
conductivity  of  the  pyrochlore  phase  grains  to  notice  an  increase  in 
the  conductivity  of  the  high  frequency  response.  In  the  current 
case,  the  second  phase  (fluorite)  has  a  lower  conductivity  than  the 
pyrochlore  phase.  Without  contribution  from  highly  conductive 
phase  boundaries,  the  conductivity  of  the  high  frequency  response 
should  decreases  with  increasing  fluorite  phase  fraction.  On  the 
other  hand,  if  the  fluorite  phase  has  similar  conductivity  with  the 
pyrochlore  phase,  then  the  highest  conductivity  should  be  obtained 
when  there  is  maximum  amount  of  pyrochlore/fluorite  phase 
boundary,  i.e.,  when  there  is  equal  amount  of  pyrochlore  and 
fluorite  phase  (50%).  Therefore,  the  conductivity  of  the  high  fre¬ 
quency  response  is  an  overall  effect  from  the  highly  conductive 
pyrochlore/fluorite  phase  boundary  and  the  less  conductive  fluorite 
phase  grains.  The  experimental  result  shows  the  best  fit  with  the 
calculated  conductivity  when  (7PB  =  0.1  S  m-1.  Due  to  the  simplifi¬ 
cation  of  the  geometric  model,  the  oPB  value  is  only  suggestive. 
However,  the  agreement  between  the  finite  element  calculations 
and  the  experimental  results  confirms  the  contribution  of  the 
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Fig.  5.  Activation  energy  and  pre-exponential  factor  for  (a)  the  conductivity  calculated 
from  the  high  frequency  (HF)  response  and  (b)  total  conductivity. 


highly  conductive  pyrochlore/fluorite  phase  boundary  to  the  high 
frequency  response. 

43.  Possible  reason  of  the  conductive  pyrochlore/fluorite  phase 
boundary 


High  ionic  conductivity  at  the  interface  in  a  heterostructure  has 
been  observed  in  some  multilayer  thin  films  27-32].  The  increased 
conductivity  at  the  heterophase  is  usually  interpreted  by  the  lattice 
strain  or  misfit  dislocations  generated  due  to  the  lattice  mismatch 
of  the  two  materials,  which  provide  a  fast  pathway  for  the  migra¬ 
tion  of  oxygen  ions. 

The  pyrochlore/fluorite  phase  boundary  is  the  interface  of  two 
ion-conducting  oxides.  Due  to  the  similarity  in  the  crystal  sym¬ 
metry  (cubic  structure)  and  commensurable  lattice  parameters 
(10.645  A  for  the  pyrochlore  phase  and  10.484  A  for  the  fluorite 
phase),  coherent  interfaces  can  be  formed  at  the  phase  boundary 
[33].  The  lattice  parameter  of  the  pyrochlore  phase  is  larger  than 
the  fluorite  phase.  Consequently,  the  pyrochlore  phase  will  be  un¬ 
der  compressive  strain,  whereas  the  fluorite  phase  will  be  under 
tensile  strain.  The  lattice  strain  relative  to  the  pyrochlore  phase,  ep, 
can  be  calculated  by  Ref.  [33]: 


£P 


aP  -  aF 


aP 


(5) 


where  aP  and  aP  represent  the  lattice  parameter  for  the  pyrochlore 
and  the  fluorite  phase,  respectively.  The  Young's  modulus  of  the 
pyrochlore  phase  is  -200  GPa  [34  ,  so  the  estimated  compressive 
stress  in  the  pyrochlore  phase  at  the  interface  is  -3  GPa.  Zhang  et  al. 
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Fig.  7.  (a)  A  2-dimensional  geometric  model  for  a  two-phase  sample  with  50%  pyro- 
chlore  phase  and  50%  fluorite  phase.  The  grey  and  white  squares  represent  the  grains 
for  the  pyrochlore  phase  and  the  fluorite  phase,  respectively.  The  black  solid  lines 
represent  the  grain  boundaries  of  the  pyrochlore  phase,  and  the  black  dash  lines 
represent  the  grain  boundaries  of  the  fluorite  phase.  The  red  solid  lines  represent  the 
pyrochlore/fluorite  phase  boundaries,  (b)  The  calculated  Nyquist  plot  and  the  equiv¬ 
alent  fitting  curve.  The  physical  parameters  used  in  the  calculations  are: 
<jp  =  3.0  x  10  ^  S  m  \  Op_gb  =  5.0  x  10  ^  S  m  \  £p  =  £p_GB  =  80:  <Tp  =  5.0  x  10  ^  S  m  \ 
^f-gb  =  5.0  x  10  7  S  m  \  cF  =  ef_Gb  =  70;  epb  =  75.  These  parameters  are  based  on  the 
experimental  results  at  500  °C.  (For  interpretation  of  the  references  to  colour  in  this 
figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


[35]  reported  a  rapid  decrease  of  the  atomic  coordinate,  *4sf,  in  the 
pyrochlore-type  L^Z^CU  when  it  is  subjected  to  pressure  upto 
5  GPa,  indicating  an  increase  in  the  anion  disorder.  Under 
compression,  the  oxygen  ions  are  partially  removed  from  the  48f 
site  to  the  vacant  8b  site,  which  increases  the  number  of  mobile 
charge  carriers,  and  thereby  increases  the  ionic  conductivity.  From 
the  fluorite  side,  the  tensile  stress  leads  to  a  lattice  expansion  at  the 
interface,  which  enlarges  the  free  channel  for  oxygen  vacancies  to 
move  and  also  improves  the  ionic  conduction. 

Unlike  thin  films  grown  on  single  crystal  substrates,  the  grains 
of  bulk  samples  usually  do  not  have  any  preferred  orientation.  It  is 
also  possible  that  the  grains  of  the  two  phases  with  different 
crystallographic  planes  are  in  contact,  which  has  large  mismatch  to 
form  semi-coherent  or  even  incoherent  interfaces.  In  this  case,  the 
mismatch  dislocations  or  other  defects  can  act  as  fast  diffusion 
paths  or  lower  the  activation  energies  for  ionic  transportation  [28], 
which  might  be  another  reason  for  the  higher  conductivity  at  the 
pyrochlore/fluorite  interface. 


Fig.  6.  Oxygen  partial  pressure  dependence  of  conductivity,  (a)  conductivity  of  the 
high  frequency  (HF)  response  and  (b)  total  conductivity  for  the  two-phase  sample 
x  =  0.7,  measured  from  400  to  600  °C;  (c)  conductivity  of  the  high  frequency  response 
and  (d)  total  conductivity  for  the  samples  with  different  composition  factors  measured 
at  600  °C. 
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Fig.  8.  Conductivity  of  the  high  frequency  (HF)  response  for  the  two-phase  composites 
as  a  function  of  the  fraction  of  the  second  phase  (fluorite)  obtained  from  finite  element 
modelling,  and  a  comparison  with  the  experimental  values.  F  represents  fluorite. 

5.  Conclusion 

In  this  paper,  a  series  of  yttrium-doped  lanthanum  zirconate 
(Lai_xYx)2Zr207  (0  <  x  <  1 )  were  prepared  and  the  effect  of  doping 
on  the  ionic  conductivity  was  studied.  Major  conclusions  are: 

1)  With  an  increase  in  the  composition  factor  x,  the  samples 
change  from  single  pyrochlore  phase  (0  <  x  <  0.4),  a  mixture  of 
pyrochlore  and  fluorite  phases  (0.5  <  x  <  0.7)  to  single  fluorite 
phase  (0.8  <  x  <  1 ).  The  phase  change  is  simply  due  to  the  fact 
that  substitution  of  La3+  ions  by  smaller  Y3+  ions  decreases 
r(A3+)/r(B4+)  and  thus  destabilises  the  pyrochlore  phase 
structure. 

2)  In  the  single  pyrochlore  phase  region  0  <  x  <  0.4,  the  ionic 
conductivity  increases  with  increasing  x,  which  is  mainly  due  to 
an  increase  in  the  number  of  mobile  oxygen  vacancy  at  the  48f 
site.  In  the  single  fluorite  phase  region,  0.8  <  x  <  1,  the  con¬ 
ductivity  decreases  with  an  increase  in  x,  which  is  mainly  due  to 
an  increase  in  the  activation  energy  for  migration. 

3)  The  highest  conductivity  of  the  series  of  (Lai_xYx)2Zr207 
(0  <  x  <  1 )  is  obtained  in  a  two-phase  sample  when  x  =  0.5.  The 
two-phase  composite  consists  of  82%  pyrochlore  phase  and  18% 
fluorite  phase,  in  which  the  pyrochlore  phase  is  more  conduc¬ 
tive  than  the  fluorite  phase.  The  high  conductivity  is  due  to  the 
existence  of  a  conductive  pyrochlore/fluorite  boundary.  Finite 
element  modelling  results  indicate  that  the  conductivity  of  the 
pyrochlore/fluorite  boundary  is  at  least  one  order  of  magnitude 
higher  than  the  pyrochlore  phase  grains. 

4)  The  conductive  pyrochlore/fluorite  phase  boundary  could  be 
attributed  to  the  lattice  mismatch  between  the  two  phases.  At 
the  phase  boundary,  the  lattice  of  the  pyrochlore  phase  under 
compression.  The  compressive  stress  increases  the  degree  of 
anion  disorder  and  thereby  improves  the  ionic  conduction. 

5)  To  achieve  the  highest  enhancement  of  conductivity  utilizing 
the  conductive  pyrochlore/fluorite  phase  boundary,  the 


following  pre-requisite  conditions  should  be  considered.  First, 
there  should  be  as  many  phase  boundaries  as  possible  to  high¬ 
light  the  effect  of  the  conductive  phase  boundary.  Second,  the 
components  of  the  two-phase  composite  should  have  similar 
conductivity  to  avoid  overshadowing  the  phase  boundary  effect 
by  the  less  conductive  second  phase. 
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